Fast neurotransmission is mediated by pentameric ligand-gated ion channels. Glycine receptors are chloride-selective members of this receptor family that mediate inhibitory synaptic transmission and are implicated in neurological disorders including autism and hyperekplexia. They have been structurally characterized by both X-ray crystallography and cryo electron microscopy studies, with the latter giving rise to what was proposed as a possible open state. However, recent work has questioned the physiological relevance of this open state structure, since it rapidly collapses in molecular dynamics simulations. Here, we show that the collapse can be avoided by a careful equilibration protocol that reconciles the more problematic regions of the original electron-density map and gives a stable open state that shows frequent selective chloride permeation. The protocol developed in this work provides a means to refine open-like structures of the whole pentameric ligand-gated ion channel superfamily and reconciles the previous issues with the cryo-EM structure.
Introduction leucine) at the 9' position of the pore-lining M2 helices and in the case of the GlyR, a ring of five proline residues at the -2' position. The so called L9' gate, located in the middle of the TMD closes the channel in the antagonist (strychnine) bound structures (PDB codes: 5CFB and 3JAD). The P-2' gate is near the intracellular mouth of the channel pore and gates the channel in the desensitized-like structures (5TIN, 5TIO, 5VDH, 5VDI and 3JAF). Among these structures, the glycine bound cryo-EM structure 3JAE is of particular interest due to its unusually wide-open pore conformation relative to other openlike structures of the pLGIC superfamily, particularly at the -2' position. The structure 4HFI 22 of the proton-activated bacterial Gloeobacter violaceus (GLIC) at pH=4 and the 3RIF structure 23 of the invertebrate glutamate-gated chloride channel (GluCl) from Caenorhabditis elegans were classified as open-like pLGIC structures. The distance from the pore centre to the backbone Ca at the -2' position is about 2 Å smaller for these two structures than for the wide open 3JAE structure 24 .
MD simulations have provided useful insight into the functional annotation of states to ion channel structures, which is difficult to infer from structural information alone. An important concept in this context is hydrophobic gating [25] [26] [27] . Hydrophobic gating occurs in narrow hydrophobic pores where the energetically favoured expulsion of water prohibits ion permeation. This means that a pore whose dimensions are theoretically large enough to allow for ion permeation is not necessarily ion-permeant due to hydrophobic effects. Pore hydration has been suggested as a proxy for ion-permeability 28 and used to annotate ion channels as functionally open or closed.
Trik et al. 28 and Gonzalez-Gutierrez et al. 24 
Results

The MD-refined structure is physically open, hydrated and selectively permeant to chloride ions
We designed a careful equilibration protocol comprised of a stepwise reduction in restraint forces, We applied this protocol to our model of the human α1 GlyR (see methods). These restraints were maintained for 150 ns and the final frame was then used to seed three-independent production simulations of 300 ns duration. All simulations gave stable open-pore configurations, did not exhibit hydrophobic collapse and exhibited similar pore profiles.
Comparison of the pore radius profiles of our MD structures with the wide open cryo-EM structure (3JAE) shows the mean radius of the MD structures is slightly narrower at the P-2' ring, but would still allow for the permeation of hydrated chloride ions ( Fig. 1a, Supplementary Fig. 1 
and Supplementary
Movie 1). The MD structures are thus clearly not in a desensitized state with the P-2' constriction being 2 Å wider than the currently highest resolution crystal structure of a desensitized state (PDB code:5TIN 19 ). Examination of the pore region of a representative simulation structure (the structure with minimal Ca RMSD to the average structure) coloured by the hydrophobicity of the amino acids surrounding the pore (Fig 1b) revealed that the hydrophobicity was highest in the L9' region, which is considered the site of a hydrophobic gate in the resting state of the receptor 33,34 . Since previous work has suggested that a radius of less than ca. 4-5 Å in hydrophobic regions can lead to local dehydration and thus be a prohibitive energetic obstacle for ion permeation 35 we assessed the hydration and ion permeation events.
The ion densities obtained over 300 ns of unrestrained simulation ( Fig. 2a ) reveal that chloride ions can indeed penetrate the transmembrane pore and show selectivity over sodium ions, which preferentially occupy regions in the upper part of the extracellular domain. To resolve the underlying dynamics over time, we analysed the z-coordinates of water, chloride and sodium ions inside the pore within 5 Å of the ion channel axis ( Fig. 2b) . Chloride ions frequently penetrate the transmembrane pore region, while sodium only rarely accesses this region. Over the 300ns we count 52 permeation events for chloride and a single permeation event for sodium. In two further repeats 53 and 49 chloride along with 1 and 0 sodium permeations are observed over 300 ns, respectively (see Supplementary Fig. 2 ). This is in line with the experimental estimation of a ratio of 28:1 selectivity of chloride over sodium 36 . Furthermore, the whole channel pore is hydrated throughout the simulation (as well as in the other two repeats), demonstrating that the observed pore radius at the hydrophobic L9' gate is above the threshold for hydrophobic gating. between the subunit interfaces near the leucine residues ( Fig. 3a) . During the equilibration phase, the leucine residues that originally point slightly more towards the pore centre, rotate further away from the a b central axis and bury themselves deeply into these hydrophobic voids and thus lock the subunit interfaces, as well as the neighbouring M1 helix, strongly together ( Fig. 3b and Fig. 3 ) and thus the hydrophobic pocket is functionally preserved. This suggests that the open state of the whole superfamily is characterized by the 9' hydrophobic residues (L or I/V in some cases) being buried in these hydrophobic voids.
We also note that the interaction between the L9' residue and the methyl-group of the T6' residue of the complementary subunit leads to the T6' hydroxyl group facing towards the centre pore. This makes the profile more hydrophilic at the 6' ring and thus facilitates pore hydration and ion permeation. Thus, we postulate that the (+) L9' -(-) T6' hydrophobic interaction plays an important role in the gating mechanism of GlyR. The T6' position is highly conserved across anion pLGICs (see Supplementary   Fig. 3 ). For anionic pLGIC members, the (+) L/I9' -(-) T6' interaction could thus be an additional way to fine-tune pore hydration in the gating process. beginning of equilibration with pore restraints after 150 ns equilibration with pore restraints
While the L9' residues lock the pore in an open conformation, the P-2' gate residues rearrange from a symmetric conformation (Fig. 3c) , which is enforced by the five-fold symmetry restraints when constructing the cryo-EM model, to an asymmetrical conformation (Fig. 3d) . In this arrangement, two vicinal proline residues form hydrophobic interactions with each other, increasing the distances toward the non-interacting vicinal proline residues, such that the overall asymmetric conformation withstands a hydrophobic collapse.
The cryo-EM based structure collapses due to a sub-optimal orientation of the leucine gate residues
Having shown that the key to a stable open state structure is the occupation of all five hydrophobic voids at the subunit interface by the L9' gate residues, it is easy to explain why the original cryo-EM conformation undergoes a hydrophobic collapse. In the original cryo-EM conformation (see Fig. 3a ), the L9' residues are not buried in the hydrophobic voids at the subunit interface, but rather point slightly more towards the pore centre. In simulations that start from this conformation, the presence of explicit water together with protein dynamic flexibility at a physiological temperature then renders these hydrophobic voids extremely unstable. Collapse usually occurs when two subunits that form a void come closer together and push the corresponding leucine residue towards the pore centre (Supplementary Movie 3) . It is also possible that a leucine residue randomly ends up in a hydrophobic void. However, the overall collapse is a chaotic process, such that at least two (but usually more) hydrophobic voids collapse with the corresponding leucine residues being pushed towards the pore centre, decreasing the pore radius significantly (Fig. 4a) . The pore lining M2 helices come closer to each other, such that the P-2' interactions increase, leading to a further collapse of the P-2' ring ( Fig.   4b) .
A recent report 29 presented an ion-permeable state of the glycine receptor obtained from MD simulations. We argue that this state merely corresponds to a collapsed structure. On a structural level, it shows the key features of a collapsed state (see Fig. 4c and 4d) . At the L9' gate, two hydrophobic voids are collapsed and the P-2' ring is also collapsed. The pore radius profile resembles that of our collapsed simulation with the L9' gate pore radius being slightly larger, but the P-2' gate pore radius slightly smaller. The authors reported a single chloride ion permeation event over a total unrestrained simulation time of 500 ns from two repeats. Chloride permeation, however, is not impossible for a collapsed state. Fig. 5c illustrates that occasionally chloride ions can penetrate the transmembrane pore region. For the simulation with a collapsing pore presented here, we count 3 chloride ion permeation events over 300 ns. Nevertheless, this is more than an order of magnitude less than the 52 chloride permeation events over 300 ns observed in our stable open state simulation presented here. The chloride ion density obtained from our collapsed simulation has a value below 0.5 particles/nm 3 between the L9' and the P-2' gate. Hence, no green isosurface is visible in this region in 
Discussion
Simulations of open-like states of the pLGIC superfamily undergo a hydrophobic collapse once artificial restraints on the protein structure are released 29-32 . This is why it has become common practice to apply restraints on the protein backbone to artificially fix its position 24, 28, 37 . Recently, 38 reported that while simulations starting from one structure of the 5-HT 3 receptor (I2, PDB: 6HIQ) gave the familiar hydrophobic collapse, simulations starting from another (F, PDB: 6HIN) allowed ions and water to flow throughout the trajectory and that wetting was correlated to rotation of L9' out of the pore lumen. The 6HIN structure shows that the L9' leucines are indeed rotated away from the pore axis ( Supplementary   Fig. 6 Fig. 7a ), meaning that their atomic coordinates are purely a result of computational modelling and that alternative leucine side-chain conformations are equally probable.
Inspection of the density at the P-2' gate region, also shows that the map is of particularly poor resolution in this region ( Supplementary Fig. 7c and 7d) and likely corresponds to the high mobility of this region 17 . The data would be consistent with an ensemble of asymmetric P-2' gate conformations which, when averaged, result in a symmetric distribution of electron density. Consistent with this, our simulations confirm a higher mobility in this area, as measured by the root mean square fluctuation (RMSF) of Ca atoms (Supplementary Fig. 8 ). While typical RMSF values for Ca atoms in a-helices are around 0.7 Å, these values are significantly increased near the P-2' gate (> 1 Å). This means more conformational diversity of the intracellular pore mouth is accessible at a physiological temperature of further towards the pore centre ( Supplementary Fig. 7b ), suggesting that on average the pore radius might in reality be ca. 1 Å or so smaller than the unusual wide open -2' Pro radius of the modelled atomic structure. This is an interesting discrepancy between the density map and the fitted model, as our simulations also suggest a smaller P-2' pore radius of comparable magnitude (see Fig. 1a ).
Moreover, the real space correlation between the modelled structure for 3JAE and the density map is particularly meagre in this region, with R0' peaking with a very low correlation below 0.4 ( Supplementary Fig 7e) . This means that the atomic model 3JAE is of poor quality in the M1-M2 linker and the lower M2 region, where the P-2' gate is located.
In conclusion, the results presented here demonstrate the potential of MD simulations to refine structures of channel proteins derived from cryo-EM or X-ray crystallography and highlight the potential issues surrounding them. MD has the power to help resolve these problems and indeed flexible fitting methods 39 , seem like a promising way forward to utilise this more directly at the model building stage.
In 
Methods
All Atom Molecular Dynamics (MD) Simulations
Protocol:
Each system was energy-minimised using the steepest descent algorithm until the maximum force fell below a tolerance of 1000 kJ mol -1 nm -1 . The initial equilibration protocol is summarised in Table Illustration of the pore cross distances at the L9' gate (view from the extracellular towards the intracellular side). In total, there are five cross distances for the 9' ring. The cross distances for the other pore lining residues are not shown for clarity, but similarly, there are five cross distances per pore lining residue position, so that in total 7 × 5 = 35 cross distances are restrained.
Simulation details:
The force fields used were AMBER99SB-ILDN 51 for protein and ions, TIP3P for water 52 , Slipids 53-55 for lipids and the parameters for zwitterionic amino acids by Horn 45 for the glycine ligands. Periodic boundary conditions in all three spatial dimensions were applied to mimic bulk conditions. The Bussi thermostat 56 was used to maintain the temperature constant at physiological 310 K using a coupling constant of 0.1ps. In all simulations with constant pressure, a barostat was coupled to the system in a semi-isotropic manner to maintain a pressure of 1 bar. The time constant used for pressure coupling was 1 ps and the isothermal compressibility set to 4.5 × 10-5 bar-1. For the initial equilibration, the Berendsen barostat 57 was used and the Parrinello-Rahmann barostat 58 for production runs as well as the simulation period with pore restraints. The van der Waals interactions were cut off at 10 Å and a dispersion correction was applied to energy and pressure. Electrostatic interactions were treated using the smooth Particle Mesh Ewald (PME) method 59, 60 , where the real space contribution was cut off at 10 Å and the reciprocal energy term obtained in k-space was calculated on a grid with 1.2 Å spacing using 4th order B-splines for interpolation. The Verlet cut-off scheme was used to generate a pair-list with buffering using a tolerance of 0.005 kJ/mol/ps for pair-interactions per particle. All bonds involving hydrogens were constrained with the LINCS algorithm 61 , allowing for a time step of 2 fs (except in the first dynamics run (NVT-equilibration), where a shorter time step of 1 fs was used). Coordinates were written out every 10 ps.
Analysis and Visualization
Pore profiles, volumes and hydrophobicity were calculated with CHAP 62 
